High-precision measurements of relative gravity were made at 75 locations over a temporarily shut-in 5,083-
Introduction
This report presents formation density and porosity profiles calculated from a borehole gravity survey made by the U.S. Geological Survey in the Gebo oil field in north-central Wyoming.
Borehole gravity surveys are used primarily to determine, with high relative accuracy, the in-situ density of large volumes of rock that extend tens to hundreds of feet outward from the drill hole. The objective of the borehole gravity survey in the Gebo oil field was to determine the density and porosity of formations and subformational units with special emphasis on the Frontier Formation, Park City Formation 1, ard Tensleep Sandstone. In some cases, borehole gravity surveys can be analyzed to determine the gravitational effects of rock density anomalies associated with nearby geologic structure that is not penetrated by the drill ho'e. Remote sensing of geologic structure was not an objective of the Gebo survey.
The borehole gravity method is unique for several important reasons. (1) Unlike other well-loggir? techniques, borehole gravity measurements depend1 directly on rock bulk density. (2) The large radius (and1 volume) of investigation ensures that the measurements', for all practical purposes, are unaffected by borehole fluids, borehole rugosity, casing, cement, or the region close to the borehole that may be modified by flushing or invasion by drilling fluids. (3) The method is sensitive to very small variations of formation density (usually 0.005 to 0.04 g/cm3 depending on length of the borehole interval).
Proven and potential applications of borehol w gravity surveys are many: Detection of irregularly distributed porosity, detection of gas and oil zones behind* casing, evaluation and recalibration of conventional types of well logs, vertical density profiling for gravity map interpretation and for seismic modeling and analysis, remote detection of geological structures such as salt domes and ore bodies, large-volume determination of reservoir porosity for reserve estimates, monitoring of reservoir fluid conditions (for example, detection of gas cap coning or water invasion), and porosity evaluation of unconsolidated materials for ground water and1 engineer-ing studies.
The usefulness of borehole gravity measurements for any application depends very strongly on the type and quality of independent drill hole, geological, and geophysical data that are available for analysis. For example, density profiles calculated for borehole gravity measurements are easily converted to porosity profiles provided reasonable assumptions can be made about the pore fluid density and grain density of the rocks. (See the explanations for columns 15 through 18, Supplement.) Relatively small gravity variations due to remote geologic structure may be hidden in the larger gravity variations due to rock density fluctuations immediately around the borehole. In this case, an independent method is needed to estimate the densities of the rocks immediately around the borehole (well logs, core analyses, geological factors).
Selected readings on the borehole gravity method include Smith (1950) , McCulloh (1966) , McCulloh and others (1968) , Beyer(1971) , Rasmussen (1973) , Jageler (1976) , and Bradley (1976) .
Geologic setting
The Gebo oil field is located approximately 8 miles north of the town of Thermopolis in the southern Big Horn Basin in central Wyoming ( fig. 1 ). The productive area is approximately 1.5 square miles in gentle hills in sees. 14,15,22,23, and 24, T. 44 N., R. 95 W. The Gebo anticline is one of several oil-producing northwestsoutheast-trending anticlines that have steeper dips facing south toward the Owl Creek Mountains (Zapp, 1956; fig. 2) . Drilling indicates that the flanks of the Gebo anticline steepen and the fbld axis shifts northeastward with increasing depth. Sedimentary units involved in the fold were deposited in a cratonic setting and range in age from Cretaceous to Cambrian. Major unconformities are located throughout this sequence (sheet 1). Mapped surface closure is about 500 feet and proven closure on the Park City Formation is about 700 feet according to Mees and Bowers (1952) . These authors 2 state that several minor transverse normal faults cut the fold at the surface and a longitudinal normal fault, with a displacement of 175 feet, cuts the Frontier Formation on the north flank. A regional geologic map that includes the Gebo oil field is given by Weitz and Love (1952) .
Petroleum development and production The Gebo structure was recognized long before commercial quantities of oil and gas were discovered. Between 1916 and 1931 , two wells were drilled to the Frontier Formation and one to the Morrison Formation. One well drilled in 1926 "found 3 million cubic feet of sweet gas in the Muddy sandstone" (Mees and Bowers, 1952, p. 113) . Commercial production was discovered in 1943 by the Continental Oil Company Gebo Unit No. 1 that was drilled to the Tensleep Sandstone but was plugged back to the Park City Formation. In 1951 commercial production in the Tensleep Sandstone was established with the completion of the Gebo Unit No. 32. The Gebo Unit No. 26 tested the Curtis sandstone^ and encountered oil believed to have a common origin with the deeper hydrocarbon accumulations (Stone, 1967 (Stone, , p.2105 . Only the Gebo Unit No. 32 produces from the Curtis sandstone.
The Gebo oil field has been under primary production since its discovery in 1943. The Park City and Tensleep reservoirs are not in communication, but each has a very active water drive from the northeast and a partial water drive from the southwest. A natural decline in production of about 7 percent in the late 1960's and early 1970's was reversed in 1972 by an infill drilling program designed to reach undrained parts of the reservoirs. This was supplemented, beginning in 1976, with a hydraulic fracture-stimulation program in the Tensleep reservoir. Both of these programs have kept production well above the 1970 level. Cumulative production of oil and gas from the Gebo oil field is given in table 1.
Reservoir and hydrocarbon characteristics Cupps and Fry (1967) report that Park City and Tensleep oils collected in 1944 had API gravities of 29° and 24° respectively, were undersaturated with gas (gas-oil ratios less than 50 cubic feet per barrel), and had similar compositions. Present-day Tensleep reservoir and hyrocarbon characteristics are given in table 2. From these data the in-situ densities of the Tensleep reservoir oil and water are calculated to be about 0.89 g/cm^ and about 1.005 g/cm^ respectively. The average density of reservoir pore fluids is 0.93 g/cm^ if reservoir water saturation is 35 percent. Using this estimate of reservoir water saturation, an average grain density of 2.65 g/cm^, and a porosity of 15 percent, the oil reservoir rock is only about 0.01 g/cm^ less dense than equivalent rock that is 100 percent saturated with formation water. Density contrasts are even smaller between hydrocarbonbearing rock and equivalent water-saturated rocks for reservoir porosities less than 15 percent.
The Curtis sandstone is a driller's name for an oil producing zone in the Crow Mountain Sandstone of Late Triassic age in several fields along the southwest flank of the Big Horn Basin. The above calculations assume that the hydrocarbonand water-saturated rocks have the same porosity. The small density contrasts suggest that borehole gravity measurements cannot detect the oil-bearing intervals in the Tensleep reservoir at Gebo solely because of the density contrast between the oil reservoir fluids and the formation water. If, on the other hand, the oil-bearing rocks are selectively more porous than the watersaturated rocks, the density contrast between the oilbearing reservoir rocks and associated water-bearing rocks will be greater and possibly detectable with borehole gravity density logging. In this case, relatively high porosity and relatively low pore-fluid density both contribute to lower the bulk density of the interval. Further information on the early development and reservoir characteristics of the Gebo field can be found in Mees and Bowers (1952) , Wyoming Geological Association (1957) , and Biggs and Espach (1960) .
Well history and gravity logging program Borehole gravity measurements were made in the Gebo Unit No. 28, which is located at a ground elevation of 4,463 feet in sec. 23, T. 44 N., R. 95 W. (fig. 2 ). This well was drilled in 1948 to a total depth of 6,608 feet and bottomed in the Gallatin Formation (Upper Cambrian). After drill-stem tests of the Madison Limestone, Amsden Formation, and Tensleep Sandstone, this well was plugged back to produce, with occasional acid treatment, until 1958 from the interval 4,558-4,598 feet in the upper part of the Park City Formation. In 1958 the interval 4,614-4,630 feet was perforated, acidized, and produced together with the shallower zone. In 1974 the intervals 4, 836-4,860, 4,882-4,902, 4,984-5,022, and 5,056-5,062 feet in the Tensleep Sandstone were perforated, acidized, and produced. Between 1948 and 1974 -the Gebo Unit No. 28 produced 606,221 barrels of oil and 7,072,343 barrels of water from the Park City Formation. Production from the Tensleep Sandstone from July 1974 through July 1977 was 22,946 barrels of oil and 57,806 barrels of water.
The Gebo Unit No. 28 was selected for the survey because it is located at a structurally high position where the dip is relatively low and sufficiently large casing to accommodate the gravity logging tool is set through most of the Tensleep Sandstone reservoir. A suite of modern logs is not available from this well, but conventional cores were cut and analyzed. Modern logs and core analyses are available from nearby wells.
Borehole gravity stations were selected at or near formation boundaries and to bracket discrete subfor- 
Results of borehole gravity survey
A tabulation of the data for the borehole gravity survey with explanation is given in the supplement. Detailed profiles of interval density and porosity^calcu-lated from the borehole gravity survey are given on sheet 2 with the electric log from the Gebo Unit No. 28. Profiles of interval density and porosity are generalized by formation in figure 3 . The detailed density and porosity profiles are plotted on the gamma-gamma density and neutron porosity logs from the nearby Gebo Unit No. 52 and on the cased-hole neutron porosity log from the Gebo Unit No. 28 on sheet 3. Effective porosities of conventional core samples taken from the Gebo Unit Nos. 28 and 52 also are plotted on sheet 3. Each interval is labeled with its interval number for reference purposes (column 19 of data tabulation, Supplement). Error bars that represent estimated standard deviation accompany most intervals (columns 14 and 18 of data tabulation, Supplement). The discussion that follows utilizes well logs from the Gebo Unit Nos. 28 and 52 and other wells, descriptions of well cuttings from the nearby Gebo Unit No. 42, and previous investigations.
Cody Shale (Upper Cretaceous)
The Cody Shale (intervals 1 and 2) is composed of marine shale, siltstone,and sandstone (Keefer, 1972 The Frontier Formation (intervals 3 through 21) is a sequence of alternating sandstone and shale with minor amounts of conglomerate, bentonite, and carbonaceous shale or coal (Cobban and Reeside, 1952; Goodell, 1962; Keefer, 1972) . According to Siemers (1975, p. 86 ) the Frontier Formation in the Bighorn Basin generally grades "from marine deposits at the base to paludal and fluvial in the middle of the formation (especially to the west) to a return to marine at the top." Regional correlation of individual units for distances of more than several miles is difficult in most cases because of facies changes and the lenticularity of individual beds. Reliable correlations are possible with the use of time-equivalent bentonite beds and some persistent stratigraphic intervals, both of which frequently can be identified on well logs (Hunter, 1952; Goodell, 1962; Van Houten, 1962) . Diagnostic marine invertebrate fossils in the upper part of the formation and comparisons of paleoenvironments are also useful for correlation purposes (Merewether and others, 1975; Siemers, 1975) . Hunter (1952) and E. A. Merewether (written commun., 1977) have measured and described outcrops of the Frontier Formation exposed about 6 miles southeast of the Gebo oil field in sec. 9, T. 43 N., R. 94 W., near the town of Thermopolis. This surface section is correlated with the Frontier section in the Gebo Unit No. 1 by Hunter (1952, plate 3) and with two subsurface sections near the Gebo oil field by Merewether and others (1975, fig. 7, sections 15, 16 and L) . The Gebo Unit No. 28 is about halfway between and in line with subsurface sections 15 and 16 of Merewether, Cobban, and Ryder (1975) . Well logs and descriptions of well cuttings from the Gebo oil field show that most individual units in the Frontier Formation can be correlated from well to well over the oil field, and some could be correlative with the exposures studied by Hunter and Merewether. Intervals 3 through 7 near the top of the Frortier Formation and interval 12 are the least porous units in the formation and are less porous than many sandstone units in older underlying formations (sheet 2). Intervals 3 through 7 correspond to about 70 feet of fine-to coarse-grained, poorly sorted, partly conglomeratic sandstone with a few interbeds of siltstone and shale. Sandstone units are glauconitic and calcareous and locally contain inclusions of shale. Conglomerate units contain chert pebbles. Interval 12 may correlate with a partly calcareous ridge-forming unit in the outcrop near Thermopolis. The average density and porosity of these intervals are 2.60 g/cm^ and 5 percent respectively.
Intervals 9, 10, the upper part of interval 11, and intervals 19 and 20, of the Peay Sandstone Member, bracket moderately high porosity sandstones that appear to be relatively well sorted and soft.4 Intervals 9, 10, 19, and 20 have an average density of 2.39 g/cm^ a^d, based on water saturation, an average porosity of 17 percent.
Well logs suggest that the sandstone bracketed by interval 14 is soft and relatively well sorted (sheet 3). The very low density of this interval is caused frr high porosity, presence of low-density pore fluids, presence of abundant carbonaceous matter, or a combinrtion of these. The porosities of this sandstone and the Tipper part of the Peay Sandstone Member (interval 1?) are shown as a function of assumed pore-fluid density in figure 4 .
The lower part of interval 11 and intervals 13, 15, 16, 17, 18, and 21 correspond to sequences of interbedded poorly sorted siltstone, sandstone, and silty shale that generally are partly carbonaceous in the upper part, bentonitic throughout, and calcareous in the lo^er part of the formation. The average density and porosity of these intervals are 2.44 g/cm^ and 14 percent respectively.
The Peay Sandstone Member is a persistent unit throughout much of the Big Horn Basin and produces oil in some areas. where 0 is interval porosity in percent, 2.325 g/cm 3 is interval density determined from borehole gravity survey, 2.67 g/cm 3 is assumed interval grain density, and Pf is interval pore-fluid density in g/cm3 .
Mowry Shale and Shell Creek Member of the Thermopolis Shale (Lower Cretaceous)
The Mowry Shale (interval 22) is composed primarily of siliceous shale with abundant interbeds of bentonite, and the Shell Creek Member of the Thermopolis Shale (interval 23) is mostly nonsiliceous shale with interbeds of bentonite (Mills, 1956) . The top of the Shell Creek usually is picked on electric logs at the base of the more resistive Mowry Shale. Thin interbeds of siltstone or fine-grained sandstone are locally present in these formations, especially near the base of the Shell Creek Member. The interval density and porosity of each of these units are nearly identical and are virtually the same as the average density and porosity of the overlying Frontier Formation ( fig. 3 ).
Muddy Sandstone Member of the Thermopolis Shale (Lower Cretaceous) Paull (1962, fig. 9 ) believed the Muddy Sandstone Member of the Thermopolis Shale (intervals 24 and 25) in the area of the Gebo oil field was deposited in a deltaic and (or) littoral environment. He characterized the Muddy Sandstone Member in this area as thin-to thick-bedded, well-sorted to silty, partly crossbedded, mostly fine-grained sandstone with interbedded units of siltstone and shale. Well cuttings consist of silty finegrained sandstone with a few shale and carbonaceous inclusions. The gamma-ray log from the Gebo Unit No. 52 suggests that the Muddy consists of an upper unit of relatively well sorted sandstone about 12 feet thick, a middle unit of shale about 1 to 2 feet thick and a lower unit of silty sandstone about 18 feet thick with thin interbeds of shale (sheet 3). The Muddy has an rverage interval density and porosity of 2.52 g/cm 3 and 8 percent in the Gebo Unit No. 28. Even though these values are averages of both higher and lower porosity units in the Muddy, it is clear that the Muddy Sandstone Member has lower porosity than many other sardstone units in the section.
Thermopolis Shale and Cleverly Formation (Lower Cretaceous)
The lower part of the Thermopolis Shale (interval 26) beneath the Muddy Sandstone Member is composed of claystone with interbeds of siltstone and very fine grained sandstone near the base (Mills, 1956; Meughan, 1972) . The upper part of the Cleverly Formation (interval 27) is composed of interbedded sandstone, s'ltstone, and mudstone. These two intervals have an average density and porosity of 2.53 g/cm 3 and 9 percent, which are very close to the density and porosity of the Cody Shale ( fig. 3 and sheet 2) .
The upper shale unit (Fuson shale equivalent) of the Cloverly Formation (interval 28) is described as mudstone or shale with a few thin interbeds of siltstone or sandstone (Mills, 1956; Maughan, 1972) . The density and porosity of this interval are 2.44 g/cm3 and 14 percent, which are very close to the density and porosity of the fine-grained rocks in the Frontier Formation, Mowry Shale, and Shell Creek Member of the Thermopolis Shale (compare with intervals 13, 15 through 18,21,22, and 23, sheet 2).
The basal unit of the Cloverly Formation, the Pryor Conglomerate Member (intervals 29 through 31), is described by Maughan (1972) as a "white quartz and black-chert-pebble conglomerate in quartzitic sandstone" in the region south of Thermopolis. Well cuttings confirm this description. Mills (1956, p. 17-18) states that "the Pryor-Lakota interval consists of conglomerates, sandstones, conglomeratic sandstones, siltstones, and thin interbeds or inclusions of varicolored shale" with minor quantities of lignitic shale and coaly material. The average density and porosity of intervals 29 through 31 and interval 33 in the upper part of the underlying Morrison Formation are 2.41 g/cm^ and 15 percent, which are very close to the density and porosity of some sandstones in the Frontier Formation (compare with intervals 9, 10, 19, and 20, sheet 2). Well cuttings that correspond to interval 33 in the upper part of the Morrison Formation are fine-to medium-grained sandstone.
Morrison (Upper Jurassic) and Sundance Formations (Upper and Middle Jurassic)
The Morrison and Sundance Formations (intervals 32 through 35) are composed of sandstone, siltstone, and clay stone (Mills, 1956 In the area south of Thermopolis the Crow Mountain Sandstone (intervals 38 through 41) consists of (1) an upper siltstone member with some fine-grained sandstone and claystone units and (2) a locally absent lower member of very fine to fine grained cross-stratified sandstone (Maughan, 1972) . The gamma-ray log from the Gebo Unit No. 52 suggests that intervals 38 through 40 may correspond to the upper siltstone me*nber and interval 41 may correspond to the lower sandstone member (sheet 3). Interval 39 may correlate with the part (Curtis sandstone of local usage) of the Crow Mountain Sandstone that produces oil in the nearby Gebo Unit No. 32. Interval 41 is described in drilling records from the Gebo oil field as a "brick red, mediumto fine-grained sandstone." Gamma-gamma density logs from wells in the Gebo field show this basal interval of the Crow Mountain Sandstone to be significantly less dense and more porous than adjacent interval" (sheet 3). Porosity development in the lower part of the Crow Mountain Sandstone is comparable to that of the overlying Pryor Conglomerate Member and Frontier Formation. The average density and porosity of the Crow Mountain Sandstone are 2.49 g/cm^ and 9 percent respectively.
Red Peak and Dinwoody Formations (Lower Triassic)
The Red Peak Formation (intervals 42 through 44) is composed of red siltstone, claystone, and very fine grained sandstone (Maughan, 1972) . Well cuttings indicate that the upper part of the Red Peak Formation (interval 42) is very calcareous, the middle part (interval 43) is slightly calcareous, and the lower part (interval 44) is dolomitic with inclusions of anhydrite. The Dinwoody Formation (interval 45) consists, in its upper portion, of anhydrite and anhydritic shale units with disseminated pyrite and, in its lower portion, of siltstone and sandstone units that probably are dolomitic or anhydritic (Maughan, 1972; Tourtelot, 1952; Mills, 1956 ; also see gamma-ray and gamma-gamma density logs of the Dinwoody Formation from the Gebo Unit No. 52, sheet 3). The high interval density of this formation is due to the presence of anhydrite, dolomite, and pyrite. The Red Peak and Dinwoody Formations have the lowest average porosity of all formations studied ( fig. 3 ).
Park City Formation (Permian)
The Park City Formation (intervals 46 through 56) consists of units of finely crystalline dolomiti? limestone and dolomite that are partly argillaceous, locally cherty, and occasionally anhydritic (Mills, 1956) . Interbeds of red and gray-green shale, chert, and anhydrite are irregularly present. On a regional basis the Park City Formation represents a marine carbonate facies that intertongues with the chert-mudstone-phosphorite facies of the Phosphoria Formation to the west and with the red-bed facies of the Goose Egg Formation to the east (Maughan, 1975, Fig. 2) . Some of the interbelded units in the Park City Formation at Gebo presumably are tongues of these adjacent facies. Exposures of the Park City Formation south of Thermopolis consist of dolomitic limestone and dolomite in the upper and lower parts with greenish-gray calcareous mudstone in the middle part (Maughan, 1972) . Maughan also describes phosphorite beds less than 1 foot thick and bedded and nodular chert as much as 12 feet thick.
Well logs from the Gebo oil field show that individual units of the Park City Formation are lithologically continuous over the area of the field except for the lowermost beds that rest on the unconformity at the top of the Tensleep Sandstone.
Well logs and cuttings indicate that intervals 46 and 49 bracket units of finely crystalline dolomite. Interval 47 presumably corresponds to a glauconitic dolomite, possibly with thin interbeds of phosphatic shale, because of its high natural gamma-ray activity. These three most porous intervals constitute 41 feet of the Park City Formation and have an average density and porosity of 2.52 g/cm 3 and 16 percent respectively. Porosity development in these intervals may be due to vugs (reported in well cuttings), brecciation (Campbell, 1956) , or fenestral fabric (Boyd, 1975) .
Intervals 48, 50, and 51 encompass interbedded units of argillaceous or glauconitic dolomite and dolomitic shale. Small amounts of bedded or nodular chert probably are present. These intervals constitute 67 feet of the Park City Formation and have an average density and porosity of 2.69 g/cm 3 and 7 percent respectively.
Intervals 52 and 53 correspond to units of dolomite with interbeds of argillaceous dolomite. The very high density of these intervals suggests that anhydrite is present. Mees and Bowers (1952) report anhydrite in the Park City Formation at Gebo, and Frielinghausen (1952) reports dolomite with thin layers of finely crystalline anhydrite at Lucerne, T. 43 N., R. 94 W., near the Gebo field.
Interval 54 is described from well data in the Gebo field as "interbedded finely crystalline dolomite and shale." Well cuttings that correspond to this interval were reported to contain pyritic shale. Interval 55 brackets a dolomite unit-the lowest unit of the Park City Formation that is continuous throughout the Gebo oil field.
Units that correspond to the lower part of interval 56 and all of interval 57 are not laterally continuous over the Gebo oil field and presumably represent a filled channel of the ancient Tensleep erosion surf ace. 5 In most wells the top of the development of clean sand and porosity in the Tensleep Sandstone is located stratigraphically near the base of interval 56. However, the top of clean sand and porosity development occurs at the base of interval 57 in the Gebo Unit No. 28 and at the base of interval 58 in the Gebo Unit No. 52 (sheet 3). Well cuttings and conventional cores indicate that intervals 56 and 57 correspond, from top to bottom, to dolomitic shale, cherty conglomeratic sandstone, anhydritic and partly argillaceous dolomite with floating quartz sand grains, and dolomitic or anhydritic quartz sandstone.
Intervals 52 through 56 constitute the lower 120 feet of the Park City Formation and have an average density 5 Lawson and Smith (1966) discuss stream channels on the eroded Tensleep surface, before the transgression of the Permian sea, that wer1; later filled with impervious basal Permian sediments. and porosity of 2.77 g/cm 3 and about 2 percent respectively.
Tensleep Sandstone (Pennsylvanian)
In the region of the Gebo oil field the Tensteep Sandstone (intervals 57 through 74) is composed of massive to crossbedded, generally slightly to moderately calcareous, fine-to medium-grained quartz sandstorm with some interbeds of dolomite and sandy dolomite (Mills, 1956; Maughan, 1972) . Sandstone units vary locally in thickness, grain size, and type and abundance of cement. Sandstone lithology ranges from highly porous, friable units to well-cemented beds that resemble quartzite. Generally orthochemical quartz and dolomite are the dominant cementing minerals (Todd, 1963; Fox and others, 1975) . Interbedded units of dolomite are most abundant near the base of the formation and cannot always be correlated from one well to another with well logs. Emmett and others (1971) provide a detailed study of the Tensleep Sandstone as an oil reservoir, in a setting similar to that of Gebo, in the Little Buffalo Pasin oil field located about 50 miles northwest of the Gebo field.
The density fluctuations observed in the Tensleep Sandstone over intervals 58 through 74 range from 2.39 g/cm 3 to 2.73 g/cm 3 and are caused primarily by variations in porosity and abundance of dolomite. For example, descriptions of conventional cores indicate that intervals 65 and 72 bracket dolomite beds several feet thick that grade upward and downward into (folomitic sandstone. Interval 67 corresponds to a relatively porous sandstone without significant carbonate cement.
The accuracy with which grain densities are estimated directly affects the accuracy of the porosity values calculated from interval densities (Supplement). Because dolomite has a significantly higher grain density than quartz, about 2.85 g/cm 3 versus 2.65 g/cm 3 , variable and uncertain amounts of dolomite in the Tensleep Sandstone complicate the selection of average grain densities. In the absence of grain density measurements of conventional cores, the method described in figure 5 is used to determine interval grain density.
A summary of the porosity of the Tensleep Sandstone in the Gebo Unit No. 28 is given in figure 6 . Fox and others (1975) where 0 is interval porosity in percent, pg is interval grain density in g/cm^, 1.00 g/cm^ is assumed porefluid density, and 2.556 g/cm^ and 2.728 g/cm^ are densities of intervals 61 and 72 that were calculated from borehole gravity measurements. Solid dot on each line represents possible set of porosity and grain density values of the interval that seem to best fit core data. Thus, 2.68 g/cm^ and 2.77 g/cm^ are chosen for grain densities of intervals 61 and 72 and resultant interval porosities are 7.4 percent and 2.4 percent respectively. This procedure assumes that effective porosity of conventional cores is the same as interval or total porosity. 
Discussion and conclusions
The borehole gravity survey of the Gebo Unit No. 28 provides accurate and unique (gravimetric) large-volume estimates of the in-situ density of 5,083 feet of clastic, carbonate, and evaporite rocks that range in age from Pennsylvanian to Late Cretaceous. Interval density ranges from as low as 2.33 g/cm^ for a porous sandstone unit in the Frontier Formation to as high as 2.80 g/cm^ for a unit of anhydritic dolomite in the Park City Formation. The average density of the entire section is 2.55 g/cm3. Interval porosity ranges as high as 15 percent to 21 percent for sandstone units in the Frontier, Cleverly, and Morrison Formations and in the Crow Mountain and Tensleep Sandstones. Some dolomite units in the upper part of the Park City Formation have interval porosities as high as 14 percent to 18 percent. The average porosity of the entire section is 8.6 percent.
(1) Cretaceous sandstones and shales penetrated by the Gebo Unit No. 28 have lower maximum porosities than would be predicted by their present depths of I \irial and therefore are "overcompacted." Sandstone bed^ in the Frontier Formation at depths of 1,500 to 2,000 feet in the Gebo Unit No. 28 have maximum average porosities of about 21 percent to 24 percent (Baptist and others, 1952 , and this study). McCulloh (1967, fig. 4 ) predicts that reservoir beds of sandstone with these values of "probable maximum average porosity" occur at depths of about 6,000 to 8,000 feet. Cretaceous shales-at depths of 800 to 2,850 feet in the Gebo Unit No. 28 have porosities that reach about 15 percent to 20 percent. Studies of shale porosity with depth as summarized by Rieke and Chilingarian (1974, fig. 17 ) suggest that shales with maximum porosities of 10 percent to 20 percent normally occur at depths at least twice those of the Cretaceous shales at Gebo. Other evidence supports the proposition that the Cretaceous sandstones and shales at Gebo are overcompacted. Approximately 5,500 to 8,500 feet of predominantly nonmarine rocks that range in age from latest Cretaceous through at least Eocene or Oligocene is thought to have been present in the southern Big Horn Basin before removal by late Cenozoic erosion (Mackin, 1947; Jepsen and Van Houten, 1947; Van Houten, 1952; Rocky Mtn. Assoc. Geologists, 1972, p. 219) . Properties of coal samples from the nearby Gebo coal field (Glass and others, 1975) indicate that the maximum depth of burial exceeded present depths by more than several thousands of feet (N. Bostick, oral commun. 1977; insufficient knowledge of the thermal history of the section during the period of maximum burial precludes more definitive burial estimates from the coal properties). Compaction effects are difficult to assess in the pre-Cretaceous section because, in the case of older rocks at any depth of burial, chemical reactions are the dominant processes of burial diagenesis.
(2) The Frontier Formation, Mowry Shale, and Shell Creek Member of the Thermopolis Shale are, on the average, about 5 porosity percent more porous than the overlying Cody and underlying Thermopolis Shales ( fig. 3 and sheet 2) . The higher porosity and lower density of these formations probably is partly due to the presence of bentonite, which is absent from the underlying Thermopolis Shale and is only a minor constituent of the overlying Cody Shale. Bentonite is composed mostly of montmorillonitic clays and colloidal silica and is capable of retaining large quantities of absorbed water. Nodular siderite and a high illite-to-montmorillonite ratio characterize the Cody Shale (Siemers, 1975) and presumably contribute to its relatively high density. The low-porosity rocks of intervals 3 through 7, and possibly the lower part of the Cody Shale, may have formed a barrier to the upward expulsion or migration of pore fluids from the underlying Frontier, Mowry, and Shell Creek rocks.
(3) The pronounced change in density and porosity from intervals 3 to 11 in the Frontier Formation is due partly or wholly to the downward decrease in glauconite and porosity-occluding calcite cement in the sandstone and shale, which probably indicates a change in depositional environment. The relatively low porosity sandstone of intervals 3 through 7 is glauconitic and calcareous and contains thin conglomerate beds and shale inclusions. Thin interbeds of shale also are present. These units may correspond to a series of marginalmarine progradational sands and lag gravels associated with the marine transgression before deposition of the overlying Cody Shale (Ryer, 1977) . Siemers (1975) observed glauconite in what he interprets as marine and marginal-marine sandstone but not in nonmarine deltaic sediments in outcrops of the Frontier in the northwest part of the Big Horn Basin. Also, porosityoccluding calcite cement often indicates calcitic skeletal material in or near the site of deposition, further evidence to support a marine or marginal-marine origin for this conglomeratic sandstone (for example, Jacka, 1970) . Beneath these low-porosity rocks, the relatively high porosity soft sandstone and shale of intervals 9, 10, and 11 is partly carbonaceous, partly bentonitic, and noncalcareous. E. A. Merewether (written commun., 1977) reports carbonaceous material in this part of the Frontier section exposed near Thermopolis. This lower sequence probably represnts a delta-margin environment, as proposed by Siemers (1975) for similar units of the Frontier Fomation in the northwest part of the Big Horn Basin.
(4) Merewether and others (1975, fig. 7 ) proposed an unconformity in the upper part of the Frontier Formation in the Gebo area for whi^h they believe section is missing for as much as the second half of Cenomanian time and most of Turonian time, a period of about 5 million years (Obradovich and Cobban, 1975) . This unconformity is located at about 1,400 feet in the Gebo Unit No. 28 and at about 1,430 feet in the Gebo Unit No. 52, based on the surface and subsurface control used by Merewether and ethers (1975) to construct their figure 7. Correlation of this unconformity with the abrupt change in density and porosity from interval 7 to interval 9 is inescapable. The coincidence of this unconformity and the top of porosity development in the Frontier Formation may be widespread in the Big Horn Basin and may be a mappable seismic horizon if, as one would expect, the abrupt change in density is accompanied by ? significant change in compressional wave velocity. Formation density and porosity logs may provide the be^t means for locating this unconformity in the subsurface. Note the response of the gamma-gamma density lo^ from the Gebo Unit No. 52 at and near 1,430 feet (sheet 3).
(5) The lowest values of interval density logged in the Frontier Formation (intervals 9, 10, 14, and 19) correspond to units for which the lowest natural g^mma-ray activity is recorded (sheet 3). These units are the most porous, least clayey sandstone in the Frontier, and one or more of them may be the source of the shows of green oil reported during drilling of wells in the Gebo oil field. Porosities of individual beds within there intervals undoubtedly range over slightly broader limits. For example, porosities of core samples range from 12 percent to 24 percent and average 19 percent for sandstone in the Frontier from a depth range of 6B7 feet to 1,031 feet in the Grass Creek oil field, located about 22 miles northwest of the Gebo field (Baptist an'i others, 1952) . Porosity development in the Muddy Sandstone Member of the Thermopolis Shale is considerably less (5 percent to 10 percent) than in the Pryor Conglomerate Member of the Cleverly Formation, the upper sandstone of the Morrison Formation, and the Crow Mountain Sandstone (12 percent to 18 percent).
(6) Similar densities and porosities are noted for units of differing ages and depths of burial. The upper shale of the Cloverly Formation has a density and porosity similar to the density and porosity of the Mowry Shale and Shell Creek Member of the Thermopolis Shale. The Thermopolis Shale, Cloverly Formation, and upper shale unit of the Morrison Formation (interval 32) have densities and porosities similar to those of the Cody Shale. Presumably the shale units within each of these groups have some common characteristics that help to explain their similar densities and porosities. Compaction effects probably do not significantly alter these comparisons, because the rates of change of density and porosity with depth have been decreased considerably by the additional overburden that previously existed at Gebo.
(7) Units opposite intervals 32 and 33 in the upper part of the Morrison Formation have densities and porosities similar to those of the overlying Cleverly Formation and Thermopolis Shale. These units probably belong to the depositional sequence represented by the Cleverly Formation rather than to the sequence of older, underlying units of the Morrison Formation. Well cuttings indicate that a pebbly sandstone occurs near the base of interval 33.
(8) The difference in density between oil and formation water in the Tensleep Sandstone is small because Tensleep oil has a relatively low API gravity and low gas-oil ratio. This conclusion also is valid for oil and formation water in the Park City Formation. Consequently, interval density in the Tensleep and Park City reservoirs is not appreciably affected by variations in oil saturation but varies in response to fluctuations of porosity and mineralogy.
(9) Measurements made by the unit operator using samples of conventional cores taken from the Tensleep Sandstone indicate that porosity generally decreases as the proportion of acid-soluble mineral constituents increases ( fig. 5 ). The measurements are used to improve the accuracy of the conversion of interval density to interval porosity in the Tensleep reservoir where the two primary mineral constituents, quartz and dolomite, have significantly different grain densities. Average mineral grain density is estimated from weight percent of acidsoluble constituents by assuming that dolomite is the only acid-soluble mineral present. The resultant empirical relationship between effective porosity and average grain density of core samples is used to convert gravimetrically-determined interval density to interval porosity.
(10) Natural fractures are reported in conventional cores taken from various parts of the Tensleep Sandstone in the Gebo oil field. Based on the extent of fracturing described in core samples, the magnitude of fracture porosity is very small when compared with the magnitude and variations of intergranular porosity. Even if small effects due to fracturing contribute in a measurable way to interval porosity, they probably are completely masked by fluctuations of intergranular porosity due to variations in cementation or replacement by dolomite. Although intergranular and fracture porosity are not separable in this study, the density and porosity data provided here may be useful, in an empirical way, for predicting the occurrence of natural fractures or estimating the susceptibility of various parts of the Tensleep reservoir to successful stimulation by hydraulic fracturing. Because borehole gravity examines large volumes of rock adjacent to the well, quantitative evaluation of fracture porosity may be possible with borehole gravity measurements in some highly f-actured, relatively homogeneous reservoirs where intergranular porosity can be estimated accurately from core studies.
(11) Several near-vertical zones characterized by relatively high permeability and water production in the Tensleep reservoir cut obliquely across the Gebo anticline. These zones are believed to be characterized by more extensive open fractures than are generally found throughout the Tensleep reservoir. A zone of this type is located several hundred feet northwest of the Gebo Unit No. 28 and is included in the region of investigation of the borehole gravity survey. Although the effects of this zone on the density and porosity data are unknown, they are believed to be small or negligible, partly because of the reasons given in the preceding paragraph and partly because of the limited volume of the fracture zone and its distance from the Gebo Unit No. 28.
(12) Qualitative comparison is possible between the interval density profile from the Gebo Unit No. 28 and the gamma-gamma density log from the Gebo Unit No. 52, in one case, and between the interval porosity profile from the Gebo Unit No. 28 and the neutron porosity logs from the Gebo Unit Nos. 28 and 52, in the second case, provided several important points are remembered:
(1) The gamma-gamma density log responds to electron density and the neutron porosity log responds to abundance of hydrogen in the annular region that extends 1 to 2 feet outward from the logging tool; (2) the borehole gravimeter responds to an integrated effect of rrass/ volume that extends outward tens to hundreds of feet from the borehole; (3) the gamma-gamma density and neutron porosity logs are continuous types of Ic^s that practically always give more vertical resolution than the discontinuous, interval-averaging density and porosity profiles calculated from a borehole gravity survey; and (4) some rock units in the section are known to display lateral variations in lithology, density, and porosity between the Gebo Unit Nos. 28 and 52. The interval density profile and the gamma-gamma density log agree fairly well except where borehole rugosity or rapid change in borehole diameter perturbs the gamma-gamma log. Erroneously low estimates of formation dersity on the gamma-gamma log that occur opposite internal 3 and immediately above intervals 3 and 24 are primarily due to the borehole rugosity that is evident on the c-'liper log. The discrepancy between interval 58 and th° gamma-gamma log is caused by lateral variations1 of lithology between the Gebo Unit Nos. 28 and 52. Large differences exist between the interval porosity profile and the neutron porosity logs except for certair intervals in the Crow Mountain Sandstone, Park City Formation, and Tensleep Sandstone. At shallower depths it e anomalously large borehole diameter and its associated effects are mainly responsible for the erroneously high porosity of the neutron log. Chemically bound water (hydrogen) in gypsum and clays (especially bentonite) also causes erroneously high porosities on the neutron log (Savre and Burke, 1963) and may contribute to the observed differences between the interval porosity profile and neutron porosity log in portions of the Frontier Formation, Muddy Sandstone Member of the Thermot>olis Shale, and Park City Formation. The cased-hole neutron log from the Gebo Unit No. 28 also may be perturbed in the Park City Formation by possible cement behind the casing and voids caused by acid treatment of the carbonate reservoir.
(13) Suites of modern well logs play a very important role in the planning and interpretation of borehole gravity surveys. For example, well logs from the Gebo Unit No. 28 were used exclusively during the planning stage of the present study. Subsequent comparison of the survey results with the higher quality, more detailed well logs from the nearby Gebo Unit No. 52 indicate shortcomings in the logging program (sheet 3): (a) interval 11 should have been logged as two intervals to differentiate between the upper, softer sandstone units and the lower, better indurated, more clayey units; (b) the Muddy Sandstone Member should have been logged with three instead of two intervals; and (c) the Crow Mountain Sandstone should have been surveyed with more and better placed intervals. Terrain corrections were calculated by the method described by Beyer and Corbato (1972) for topography that extends 166.7 kilometers (103.6 miles) outward from the well. The density of the topography was assumed to be 2.50 g/cm^.
COLUMNS 6 & 7
Values of borehole gravity adjusted to an assumed zero value for the uppermost gravity station. These values are corrected for gravimeter calibration, predicted tidal gravity fluctuations, terrain effects, and gravimeter drift as reconstructed from repeated measurements made at a wellhead base station and eight downhole stations.
Uncertainty in relative gravity is the sum of the uncertainties associated with (1) repeatability of individual gravimeter readings, (2) evaluation of gravimeter drift corrections, and (3) calculation of terrain corrections. In a practical s^nse, uncertainty as used here can be thought of as the maximum likely variation of a gravity value relative to the values of gravity at the two adjacent borehole gravity stations located above and below the station of consideration. Uncertainty is used as an approximate measure of the standard deviation of relative gravity in the error analysis described beliw.
COLUMNS 8 & 9
Ag is obtained by forming the difference between successive pairs of values of relative gravity.
Fractional standard deviation of Ag, expressed as a percentage, is the square root of the sum of the squares of th". uncertainties of the relative gravity values divided by Ag. For example, the fractional standard deviation for the twenty-seventh value of Ag is 100 V (. Gravity difference (Ag) divided by depth difference (Az) is the interval vertical gradient of gravity.
COLUMNS 13 & 14
Interval density (p) was calculated with the equation
where k is the Newtonian gravitational constant and is equal to 6.6720 ± 0.0041 x 10~8 cm3/g s2 (Taylor and Cohen, 1973) and l/4rrk is equal to 39.131 ± 0.024 in units of g/cm 3 , milligals, and feet. COLUMNS 15 & 16 Interval grain densities were estimated from lithologic descriptions that were obtained primarily from cuttings, cores, and well logs from the Gebo Unit No. 2% and adjacent wells and secondarily from Mills (1956) , Maughan (1972) and other sources as referenced. Estimates of interval grain density are least accurate in those parts of the section were rocks of contrasting mineral densities occur together in uncertain proportions ( for exampb, carbonates or evaporites with shales and sandstones, chert in carbonates, or coal with sandstones and shales). Interval porosity was calculated with the equation 0 = 100(p -p g)/(pf-p g) where p = interval density (column 13) Pg= interval grain density (column 14) pf = 1.00 g/cm 3 (assumed interval pore fluid density) Errors in interval density (p) and estimated grain density (pg) introduce errors in calculated interval porosity. For example, erroneously high estimates of grain density result in erroneously high calculated values of porosity and vice versa. On the other hand, erroneously high values of interval density result in erroneously low calculated values of porosity and vice versa. Fractional standard deviations of interval density (column 14) and estimated uncertainty in grain density (column 16), the latter treated as a standard deviation, were used to calculate standard deviation in interval porosity. The fractional standard deviation of the numerator of the porosity equation is equal to the square root of the sum of the squares of the fractional standard deviations of p and pg divided by (p -pg). The fractional standard deviation of the denominator of the porosity equation is equal to the uncertainty in pg divided by pg. Then th<? standard deviation in interval porosity, expressed in porosity percent, is the square root of the sum of the squares of the fractional standard deviations of the numerator and denominator multiplied by the interval porosity. A third source of possible error in interval porosity involves the assumed value of 1.00 g/cm3 for pore fluid density. If significant amounts of hydrocarbons are present in a given interval, the actual average pore fluid density may b^ substantially less than 1.00 g/cm 3 . In such cases, use of 1.00 g/cm 3 for pore fluid density results in erroneously hi?,h calculated values of interval porosity. For particular intervals where pore fluid density is believed to be significantly different from 1.00 g/cm 3 the following equation may be used to determine the correction to interval porosity: A0 = Apf/U-pg -Apf) (0) where 0 is the calculated interval porosity expressed in percent (column 17), Ap~f is 1.00 minus true pore fluid density and A0 is the error in calculated porosity expressed in porosity percent. Errors in interval porosity due to the use of 1.00 g/cm 3 for pore fluid density are believed to be small for the Tensleep reservoir at Gebo. For example, the interval porosity of 15.2 percent for interval 67 would be 14.6 percent if, because of the presence of hydrocarbons, the actual pore fluid density were 0.93 g/cm 3 instead of the assumed value of 1.00 g/cm 3 .
COLUMN 19
Sequential numbers for 74 intervals. Terrain corrections were calculated by the method described by Beyer and Corbato (1972) for topography that extends 103.6 miles outward from the well. The density of the topography was assumed to be 2.50 g/cm 3 . COLUMNS 6 & 7 Values of borehole gravity adjusted to an assumed zero value for the uppermost gravity station. These values are corrected for gravimeter calibration, predicted tidal gravity fluctuations, terrain effects, and gravimeter drift as reconstructed from repeated measurements made at a wellhead base station and eight downhole stations.
Uncertainty in relative gravity is the sum of the uncertainties associated with (1) repeatability of individual gravimeter readings, (2) evaluation of gravimeter drift corrections, and (3) calculation of terrain corrections. In a practical sense, uncertainty as used here can be thought of as the maximum likely variation of a gravity value relative to the values of gravity at the two adjacent borehole gravity stations located above and below the station of consideration. COLUMNS 8 & 9 Ag is obtained by forming the difference between successive pairs of values of relative gravity. Uncertainty in Ag is the sum of the uncertainties of the relative gravity values used to determine Ag.
Distances between adjacent stations (Az) were determined in one of two ways. Values of Az less than 50-feet were measured by hand-chaining flagged cable lengths under load between the winch and wellhead. Hand-chained Az values are repeatable to the nearest 0.02 feet and are underlined in the tabulation. Values of Az greater than 50 feet were determined from successive odometer readings of the cable measuring sheave and are repeatable to about 0.15 feet, b^sed on many comparisons with hand-chained cable lengths. It was assumed that cable movement at the ground surface accurately reflected movement of the logging tool in the borehole.
COLUMN 12
Gravity difference (Ag) divided by depth difference (Az) is the interval vertical gradient of gravity.
COLUMNS 13 & 14
Interval density (p) was calculated with the equation: p = (l/4irk) (F -Ag/Az) 8 3 where k is the Newtonian gravitational constant and is equal to 6.6720 +_ 0.0041 x 10 en /g sec2 (Taylor and Cohen, 1973) and l/4irk is equal to 39.131 +_ 0.024 in units of g/cm3 , milligals, and feet. F is the normal free-air vertical gradient of gravity that for the Geodetic Reference System of 1967 is given with sufficient accuracy by the equation 
